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Anisotropic magnetoresistance in a 2DEG in a quasi-random magnetic field 
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We present magnetotransport results for a 2D electron gas (2DEG) subject to the quasi-random 
magnetic field produced by randomly positioned sub-micron Co dots deposited onto the surface of a 
GaAs/Al x Gai_ x As heterostructure. We observe strong local and non-local anisotropic magnetore- 
sistance for external magnetic fields in the plane of the 2DEG. Monte- Carlo calculations confirm 
that this is due to the changing topology of the quasi-random magnetic field in which electrons are 
guided predominantly along contours of zero magnetic field. 
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The transport properties of a two-dimensional electron 
gas (2DEG), subject to a spatially random magnetic field, 
have attracted great theoretical interest recently 1,2 . This 
is partly due to its relevance to the fractional quantum 
Hall effect, which can be understood in terms of com- 
posite fermions moving in an effective random magnetic 
field 2 . The problem of a 2DEG subject to large amplitude 
random magnetic fields, with correlation lengths that are 
small compared to the electron mean free path, is par- 
ticularly interesting because the transport properties are 
predicted to be dependent on semi-classical "snake or- 
bits" trajectories in which electrons are guided along lines 
of zero magnetic field 2 . In a previous study we demon- 
strated that such "snake orbits" can lead to very large 
magnetoresistances when a 2DEG is subject to large am- 
plitude periodic magnetic fields 3 . In this paper we show 
that electrons are indeed guided along contours of zero 
magnetic field in a quasi-random magnetic field and that 
this gives rise to a new type of anisotropic magnetoresis- 
tance. 

The devices investigated in this study are hybrid fer- 
romagnetic/ semiconductor structures in which the mag- 
netic field at the 2DEG is produced by randomly posi- 
tioned sub-micron Co dots fabricated on the surface of 
a GaAs based heterostructure. Recently, there has been 
considerable interest in the properties of hybrid ferro- 
magnetic/ semiconductor devices due to their potential 
applications as magnetic field sensorsA and magnetic stor- 
age devices 5 . There have been several previous experi- 
mental studies of a 2DEG subject to a random magnetic 
field. However, these concerned very weak random mag- 
netic fields 6 , or random magnetic fields with correlation 
lengths approximately equal tc 7 or much larger than£ 
the electron mean free path. Recently, we showed how 
large amplitude, short correlation length random mag- 
netic fields can be realised by using the naturally oc- 
curring domain structures of CoPd films 9 . The method 
considered here also produces a large amplitude, short 
correlation length, random magnetic field, but has the 
particular advantage that the topology of the field can 



be controlled by an external in-plane magnetic field. 

Our device consists of a GaAs/Al^Gai-^As het- 
erostructure containing a 2DEG 35nm below the surface. 
At 1.3K the electron density, n = 3.8 x 10 15 m -2 and the 
mobility, fi = 45m 2 V~ 1 s~ 1 corresponding to a mean free 
path, A = A.bfimi^. The device has a standard Hall bar 
design as shown in Fig. 1(a). The random magnetic field 
is produced by depositing a randomly distributed pattern 
of Co dots onto the surface of the Hall bar. This is repre- 
sented by the shaded area in the figure. The Co dots have 
a diameter of 500nm and a thickness of 70nm. The pat- 
tern was produced using electron beam lithography and 
dc magnetron sputtering to deposit the Co. A computer 
program was used to generate the positions of the dots 
which cover 50% of the surface area and are distributed 
so that they can touch each other, but not overlap. Fig- 
ure 1(b) shows a scanning electron microscope image of 
the Co dots. There are some areas where the Co has re- 
mained between a cluster of dots after lift-off, but such 
occurrences are rare. 

Figure 2 shows the longitudinal magnetoresistance of 
the covered section of the device measured at 1.3K 
with a magnetic field applied parallel to the plane 
of the 2DEGdi. The magnetoresistance is defined as 
AR/Ro=(R — Ro)/Ro, where R is the measured resis- 
tance of the covered section when the magnetic field is 
applied and Ro is the resistance of the uncovered sec- 
tion in zero field. Results are shown for angles of 0°, 
50° and 90° between the current along the Hall bar and 
the direction of the applied field. We observe a positive 
magnetoresistance for all angles which saturates at ap- 
proximately ±0.2 T. The size of the magnetoresistance 
is largest when the field is applied in the direction of the 
current and decreases as the angle between the field and 
the current is rotated to 90°. The presence of hystere- 
sis in the measurements is consistent with the fact that 
sputtered Co films tend to have the easy axis of magneti- 
sation in the plane 12 . Indeed, we carried out transport 
measurements with the magnetic field applied perpendic- 
ular to the device and no hysteresis was observed. 
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FIG. 1: (a) Standard Hall bar design of the device. The 
shaded area represents the region where the Co dots are de- 
posited, (b) A scanning electron microscope image of the Co 
dots pattern. 



We have shown previously that the resistance of a 
2DEG increases with increasing random magnetic field 
amplitude-. The magnetisation state of the dots is not 
known at zero external magnetic field. However, we ex- 
pect the formation of multidomain or vortex states, as 
has been observed by Miramond et aU£ for dots of diam- 
eter greater than 50nm. Such states have a high degree 
of, but not complete, flux closure and the small net stray 
field will produce a small amplitude random magnetic 
field at B=0T. This is the origin of the positive value 
of AR/Ro at B=0T. With increasing external field, do- 
mains aligned with the applied field will grow until even- 
tually, the magnetisation of the dots is saturated in the 
direction of the applied field. The amplitude of the ran- 
dom magnetic field at the 2DEG will therefore grow with 
increasing external field until saturation magnetisation is 
reached. This will lead to the observed increase and then 
saturation of the measured resistance. 

We now restrict ourselves to analysing the resistance 
when the magnetisation of the dots is saturated. The 
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FIG. 2: The longitudinal magnetoresistance measured at 
1.3K with the magnetic field applied parallel to the plane 
of the 2DEG. Results are shown for angles of 0°, 50° and 90° 
between the current and the applied field. The arrows show 
the direction that the magnetic field is sweeping. 
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FIG. 3: The contours of zero magnetic field (B z = 0T) taken 
from the calculated magnetic field profile at the site of the 
2DEG due to a random array of Co dots. The magnetisation 
of the Co dots is along the x-axis. 



magnetic field profile at the site of the 2DEG due to 
the random array of Co dots can be calculated numer- 
ically, since we know the positions of all the Co dots. 
The dynamics of the 2D electrons are only sensitive to 
B Z1 the component of the magnetic field perpendicular 
to the 2DEG. We have calculated B z for our deviceA^ 
and find that the rms amplitude is 0.13T at saturation. 
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FIG. 4: The final positions of 10,000 electrons starting at 
the coordinates (0,0) with the Fermi velocity and initial an- 
gles spread evenly over 360°. The electron trajectories were 
calculated within the field profile used to produce Fig. 3. 
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FIG. 5: The magnetoresistance, measured with an in-plane 
field of 0.5T, plotted against the angle between the current 
and the magnetic field. The dashed line is a fit of equation 
2 to the data using the measured values of p± and py. The 
solid line shows the results of the numerical calculations. 



Figure 3 shows the contours of zero field (B z = 0T) cal- 
culated for the case when the magnetisation of the dots 
is saturated in the x-direction. It can be seen that the 
contours are preferentially aligned in the direction per- 
pendicular to the magnetisation of the dots. Using the 
calculated magnetic field profile we have calculated the 
expected device resistance using the semi-classical Kubo 
formalism. The method involves calculating the trajec- 
tories of electrons with the Fermi velocity in the random 
magnetic field profile. By averaging the velocity- velocity 
correlation function over all of the trajectories the diffu- 
sivity tensors for the system can be calculated using the 
Kubo formula 15 : 

POO 

D xx = / (v x (0)v x (t))dt (1) 
Jo 

Here the x-axis is parallel to the direction of the applied 
field. We can then calculate the magnetoresistanceii 
Scattering is included in the model by randomising the 
electron direction using a Monte-Carlo method with ap- 
propriate probability distributions for the scattering an- 
gle and scattering time. Figure 4 shows the calculated 
final positions of 10,000 electrons starting at the same 
initial position (0,0) with the Fermi velocity and initial 
angles spread evenly over 360°. Each electron is allowed 
to travel 6 momentum relaxation mean free path lengths. 
The results show that the electrons are preferentially 
guided in the direction of the B z = 0T contours. Our 
calculations show that this leads to an enhancement of 
the ratio D yy /D xx as is also the case in a sign alternating 
magnetic field profile with contours of zero B z aligned in 
the y-direction^. 



Figure 5 shows the magnetoresistance, measured for 
an in-plane field of 0.5T, against the angle between the 
current and the applied field. If the anisotropic mag- 
netoresistance is due to only the induced magnetisation 
and the samples have no additional intrinsic anisotropy, 
arising from anisotropy in the dot positions for example, 
then one expects 16 

Pxx = p± + 0|| - pi_)cos 2 (2) 

where p\\ is the measured resistivity for #=0° and p±_ is 
the measured resistivity for #=90°. The dashed line in 
Fig. 5 shows that this gives an excellent fit to our data. 
Also shown are the results of numerical calculations of 
the conductivity tensors. The fit was obtained by using 
the thickness of the Co dots as the only adjustable pa- 
rameter. We see excellent quantitative agreement to our 
data when a thickness of 75nm is used, which is in very 
close agreement to the nominal thickness of 70nm. 

Another clear example of the effect of contours of 
B z = 0T guiding the electron motion can be observed by 
performing measurements in a non-local geometry. The 
inset to Fig. 6 shows the experimental arrangement. A 
constant ac current of 300 p A is passed between two volt- 
age probes in the y-direction, across the Hall bar, and 
the voltage is measured between two adjacent voltage 
probes. The external magnetic field is applied parallel 
to the plane of the 2DEG. Figure 6 shows the measured 
voltage, as the external magnetic field is swept to ±0.5T, 
for angles of 0°, 45° and 90° between the current and 
the field. When the magnetic field is parallel to the cur- 
rent, the contours of B z = 0T will guide electrons in the 
x-direction, perpendicular to the direction of net current 
flow i.e. the current will tend to spread along the Hall 
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the contours of B z = OT will tend to focus electrons 
along the y-direction reducing the spread of the current 
density in the x-direction. This results in a decrease in 
the measured voltage. For 45° one expects the existence 
of the orientated zero field contours to have no effect. 
Therefore, the form of the measured voltages in Fig. 6 is 
consistent with the picture of electron trajectories being 
guided along zero field contours. 

In conclusion, we have observed a new type of 
anisotropic magnetoresistance and demonstrated that 
this arises from the dependence of the anisotropy of the 
quasi-random magnetic field on the direction of the net 
magnetisation. In particular, we have shown the strong 
influence of the contours of zero magnetic field, which 
has been predicted theoretically 2 . 



FIG. 6: The inset shows the experimental arrangement for 
the non-local measurement. The measured voltage is shown 
for the external magnetic field applied in the plane of the 
2DEG at angles of 0° (solid curve), 45° (dashed curve) and 
90° (dotted curve) to the direction of the current. 

bar. This results in an increase in the measured voltage. 
When the magnetic field is perpendicular to the current, 
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